The potential for biological nitrification of an industrial waste containing 4,000 mg of ammonia N (NH4+-N) and 10,000 mg of fluoride per liter was investigated. Ammonium sulfate and sodium fluoride were tested in various combinations of 100 to 2,000 mg of NH4+-N per liter and 0 to 5,000 mg of F-per liter in suspended-growth stirred-tank reactors containing enriched cultures of nitrifying bacteria from a municipal sewage treatment plant. The stirred-tank reactors were fed once per day at a constant hydraulic retention period and cell retention time of 10 days. Temperature was 23°C, and pH was 7.0 to 7.5. Clarified secondary effluent was used to make up feeds and to provide minor nutrients. Steady-state data, confirmed by mass balances, were obtained after five to six retention periods. In the absence of fluoride, nitrification efficiency was near 100% for up to 500 mg of NH4+-N per liter. The influence of fluoride was studied at a low ammonia concentration (100 mg/liter) and exerted no significant effect on nitrification at concentrations of up to 200 mg/ liter. Maximum effect of fluoride was reached at 800 mg of F-per liter, and no greater inhibition was observed for up to 5,000 mg of F-per liter. At the highest concentrations studied, ion pairing of ammonium and fluoride may exert a significant effect on kinetic coefficients. Kinetic analyses showed maximum specific substrate removal rates (qmax) of NH4+-N to be about 2. The form of inhibition due to the presence of fluoride was shown to be not competitive, conforming to a mixed inhibition model.
The number of high-strength ammonia waste streams has increased with the growth of the semiconductor manufacturing industry. High levels of fluorides are often part of the waste matrix. Nitrification of these waste streams is one alternative unit operation applied in pretreatment processes in which the objective is to reduce the oxygen demand of the effluent.
This study addresses the need for basic information on the behavior of nitrifying bacteria growing autotrophically under conditions of high ammonia nitrogen (NH4+-N) concentrations in the presence of high concentrations of a strong potential inhibitor, fluoride. Most nitrification literature pertains to polishing of municipal secondary effluents, in which total nitrogen levels are around 20 mg/liter or lower (19) . These experiments are part of a feasibility analysis of biological nitrification for treatment of a semiconductor manufacturing wastewater containing 4,000 mg of NH4 -N and 10,000 mg of F-per liter (7) .
A limited amount of work has been reported on the effect of high ammonia concentrations on nitrification. An industrial waste containing approximately 600 mg of NH4+-N per liter was 85% nitrified in a stirred-tank reactor without recycle at 10.5 days of detention time, 17°C (62°F), and pH 8.2 (10) . Bacterial biomass, estimated as volatile suspended solids (VSS), was 55 mg/liter. Enrichment studies for ammonia-oxidizing bacteria have used ammonia concentrations in excess of 500 mg/liter (20) . Attempts to enrich for nitrifying organisms at such high ammonia concentrations from systems in which the ambient ammonia nitrogen concentration was oniy 1 mg/liter have failed (11) . Malformation and disintegration of nitrifying bacteria were noted. The effects of acclimation periods or small step increases in ammonia input on cell morphology or nitrification efficiency were not addressed. The pH dependence of substrate inhibition of nitrification was shown to be due to un-ionized dissolved ammonia (NH3) at high pH and to nitrous acid (HNO2) at low pH (2) was used as a nitrogen source, and sodium fluoride (NaF) was used as a fluoride source. Both fluoride and nitrogen were maintained as separate, concentrated stocks which were diluted to the required concentrations with clarified municipal secondary effluent from the Potsdam wastewater treatment plant. Clarified secondary effluent was the source of other nutrients and growth factors in the synthetic industrial waste. Phosphorus was not supplemented, and relatively low concentrations could have exerted some effect on growth at the highest nitrogen levels. However, maximum concentrations and conversion rates were found to be in the range of other studies, and conclusions regarding the effect of fluoride have been drawn on the basis of clear differences in response to otherwise identical experimental conditions. Sodium bicarbonate (NaHCO3) was added to each reactor to maintain a pH of 7.0 to 7.5 and to make up for alkalinity consumed during nitrification. Reactor pH was monitored constantly by a Horizon Ecology pH controller (model . A pH of 7.0 activated a peristaltic pump (Scientific Industries model 203) feeding NaHCO, (1 N) at a rate of 1 ml/min. When an upper pH limit of 7.5 was achieved, bicarbonate addition was stopped.
Experiment protocol. Experiments were designed in two phases. During the initial phase of experimentation (phase 1), ammonia at concentrations of 100, 200, 500, 800, 1,000, and 2,000 mg/liter was added to separate reactors in the absence of fluoride. The additional six reactors received 100 mg of NH4+-N and 200, 500, 800, 1,000, 2,000, or 5,000 mg of F-respectively, per liter. Phase 2 experiments were begun approximately 50 to 60 days after the start of phase 1. Six reactors were used to determine the percent conversion of 500 and 1,000 mg of NH4 -N per liter in the presence of 2,000 and 5,000 mg of F-per liter, including one set of triplicates, and four reactors were used to assess the percent conversion of 2,000 mg of NH4 t-N per liter in the presence of 500, 1.000, 2,000, and 5,000 mg ofF-per liter. The triplicate reactors were used to estimate the within-treatment variance of data. Analysis revealed that within-treatment variance was in no case significant compared with variance between two experimental loading conditions. Results of triplicate reactors are therefore shown to be free of significant systematic error and are reported as single datum points for comparison with other loadings. Reactors used in VOL. 55, 1989 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from The mass balance for nitrogen in synthetic wastewater containing fluoride is provided in Table 4 . Mass balances closed to within an average of ±+11% with the bulk of the nitrogen existing as unoxidized ammonia. Concentrations of nitrite and nitrate were low compared with data for fluoridefree wastewater. This suggests that inhibition of nitrification was due to the fluoride concentration and not to the accumulation of nitrification intermediates. Another possible source of inhibition was Na+ ions added as NaF. No experiments were performed to address this question di- rectly, but soil nitrification studies (8, 15) have shown that Na+ is a much less potent inhibitor than F-. A concurrent fixed-film nitrification study of semiconductor wastewater (7) also provides evidence that the effect of Na+ is at least not significant compared with the effect of F-. When concentrated wastewater containing 360 mg of NH4+-N and 640 mg of F-per liter (as hydrofluoric acid) was the feedstock to the fixed-film reactors of the concurrent study, nearly complete nitrification occurred. Concentrations in excess of this amount resulted in a decrease in the conversion efficiency. These results are consistent with data obtained from the present stirred-tank reactor study and suggest that inhibition is due to the presence of F-rather than to the presence of Na+.
(ii) Inhibitor characteristics. The fluoride-nitrogen interaction can be characterized by comparing the half-saturation constant and maximum specific substrate removal rate obtained in the presence and absence of fluoride. The data for fluoride-free samples were linearized according to the Hanes modification of the Monod function in Fig. 1 The extreme case in these experiments was represented by NaF and (NH4)2SO4 concentrations yielding 5,000 mg of F-and 2,000 mg of NH4+-N per liter. Taking into account that 13% of the ammonia nitrogen was oxidized under those conditions, the total ionic strength (1) of major ions was calculated as 0.449 M and the activity coefficient (f) was calculated as 0.699. Therefore, the active concentrations of reactants in the nitrifying bacterial medium were 1.22 g of NH4 -N and 3.50 g of F-per liter. In each case, the activity remained well above inhibitory threshold values inferred from observed experimental concentrations.
If the same approach is used to correct the ionic effects of all fluoride data, kinetic coefficients may be recalculated. In comparison with data plotted in Fig. 2 , qmalx remains virtually unchanged while K, is significantly lower (172 versus 274 mg/liter for the uncorrected, observed case). Ionic concentration did not exert a measurable effect on the results with fluoride-free wastewater. Figure 3 is a comparison of linearized activity-corrected kinetic data for the experiments with and without fluoride. The mixed inhibition model is shown to be suitable for describing this system.
(iv) Application to treatment of industrial wastes. Results of this study provide a basis for decisions regarding the application of biological nitrification to concentrated industrial wastes containing inhibitors such as fluoride. Knowledge of the extent and form of inhibition will aid in assessing options for dilution of waste streams of pretreatment for the separation of fluoride and ammonia (e.g., by calcium fluoride precipitation or air stripping and resolubilization of ammonia) before nitrification. Decisions would be based on the costs of such options, concentrations of the reactants, and the desired level of nitrification. 
